Light-induced leaflet movement of Samanea saman depends on the regulation of membrane transporters in motor cells. Blue light (BL) stimulates leaflet opening by inducing K ϩ release from the flexor motor cells. To elucidate the mechanism of K ϩ -efflux (K D )-channel regulation by light, flexor motor cell protoplasts were patch-clamped in a cell-attached configuration during varying illumination. Depolarization elicited outward currents through single open K D channels. Changes in cell membrane potential (E M ) were estimated by applying voltage ramps and tracking the change of the apparent reversal potential of K D -channel current. BL shifted E M in a positive direction (i.e. depolarized the cell) by about 10 mV. Subsequent red light pulse followed by darkness shifted E M oppositely (i.e. hyperpolarized the cell). The BL-induced shifts of E M were not observed in cells pretreated with a hydrogen-pump inhibitor, suggesting a contribution by hydrogen-pump to the shift. BL also increased K D -channel activity in a voltage-independent manner as reflected in the increase of the mean net steady-state patch conductance at a depolarization of 40 mV relative to the apparent reversal potential (G @40 ). G @40 increased by approximately 12 pS without a change of the single-channel conductance, possibly by increasing the probability of channel opening. Subsequent red-light and darkness reversed the change in G @40 . Thus, K ϩ efflux, a determining factor for the cell-volume decrease of flexor cells, is regulated by BL in a dual manner via membrane potential and by an independent signaling pathway.
Samanea saman, a nyctinastic leguminous plant of the Mimosa family, opens its leaves and leaflets during daytime or in light and closes them during night or in darkness (DK). The motor organ for the leaf movement is a pulvinus located at the base of the leaf and leaflets, and the movement depends on extensive ion fluxes and consequent osmotic water flux in and out of the motor cells of the pulvinus. During an opening movement, extensor motor cells take up ions and water and thus swell, and flexor cells do the opposite (Satter and Galston, 1981) . During closing movement, the reverse processes occur. We use the S. saman motor organ as a model system for the study of the regulation of ion transport.
Although many different ions move across the plasma membrane of pulvinar cells during leaflet movement, K ϩ flux is the most dramatic (Satter et al., 1974a (Satter et al., , 1974b Lowen and Satter, 1989; Lee, 1990) . Based on previous results from motor cells and similar varying-turgor systems, we envisage two major factors that determine the transcellular K ϩ flux in the pulvinar motor cells. The first factor is the membrane potential that drives the gating of the K ϩ channels as well as the ion movement through an open channel (Moran et al., 1988; Moran and Satter, 1989; Moran, 1990) . The extent of the hyperpolarization below the K ϩ equilibrium potential is determined by H ϩ -pump activity, whereas the depolarization above the K ϩ equilibrium potential is determined presumably by Cl Ϫ and/or Ca 2ϩ permeabilities (Keller et al., 1989; Schroeder and Hagiwara, 1989) . In the pulvinar motor cells, several types of measurements connected leaflet movements induced by light or circadian clock to changes of membrane potential (Racusen and Satter, 1975) to H ϩ -pump activity (Lee and Satter, 1989 ) as well as to K ϩ fluxes (Lowen and Satter, 1989) . The second factor is a mechanism independent from membrane potential, for example, second messengers, which may participate in the regulation of S. saman K ϩ channels. In support of this notion, in patch-clamp experiments with S. saman extensor cells, phosphorylation has been shown to regulate the K D channel (depolarization-activated K ϩ -efflux channel; Moran, 1996) . Also, many signal transducers including Ca 2ϩ , pH, and G protein have been shown to modulate K ϩ -channel activities in guard cells (Assmann, 1993 ).
Both membrane potential-dependent and -independent factors have been shown to regulate K ϩ influx into extensor motor cells; using a membrane potential-sensitive dye, blue light (BL) has been shown to activate both the H ϩ pump and K ϩ -influx channel, and the activation of the latter did not always accompany that of the former (Kim et al., 1992) . However, regulation of K ϩ efflux from motor cells was not addressed in that study due to technical limitations. Therefore, we chose here to examine the mechanism of BL activation of S. saman K D channels, which was suggested to be the pathway for K ϩ efflux (Moran et al., 1988) . To resolve this at the level of participating molecules, we used patch clamp. Since the cytosolic content of the cell is diluted or lost in the "whole-cell" and "excised-patch" configurations of the patch clamp, we preferred the "cell-attached" configuration that does not perturb the contents of the intact cell and therefore has a potential to reveal the natural responses of ion channels to physiological stimuli that may involve interactions of many cytosolic signal transduction elements. Applying this technique to S. saman flexor cells, we demonstrate here directly an effect of BL on the opening of K D channels. Moreover, we separate this BL effect into two independent routes of K D -channel activation: via membrane depolarization and through a voltageindependent pathway. To the best of our knowledge, such effects have not been demonstrated previously.
RESULTS

Depolarization-Activated K ؉ Channels in Motor Cells
During application of voltage ramps to cellattached patches of flexor ( Fig. 1 ) and extensor (data not shown) cells of S. saman, we detected outward single-channel current fluctuations, signifying channel openings. The characteristics of channel opening in the extensor and flexor appeared similar. Channels opened by patch-membrane depolarization above the reversal potential, and the extent of opening increased with the extent of depolarization. These are characteristics of the K D channels, the most ubiquitous channel in S. saman motor cells (Moran et al., 1988; Moran, 1990 Moran, , 1996 . Single-K ϩ -channel conductance, ␥ K (see Eq. 1), in cell-attached patches of flexor and extensor cells was, respectively, 19.4 Ϯ 0.5 (n ϭ 13) and 19.6 Ϯ 1.2 (n ϭ 5) pS under DK, in the presence of 5 mm K ϩ in the bath and 25 mm K ϩ in the pipette. These results are consistent with previous data on K D -channel characteristics. To substantiate further this identification, we tested the selectivity of the channel in two different types of experiments. First, we examined transitions from an on-cell to an excised-patch configuration with high external K ϩ concentration where the membrane could act as a K ϩ electrode (Fig. 2) , and second, we determined reversal potentials in an on-cell configuration under conditions of different K ϩ concentrations in the bath (Fig. 3) . A depolarization-dependent channel in one and the same patch in two configurations (on-cell and excised) was pre-opened by a depolarizing holding potential and recorded on a fast-time scale to catch it in a conducting state as close as possible to the point of current reversal (Fig. 2) . The channel in the excised patch in Figure 2B was a predominantly K ϩ -selective channel with current reversing at approximately Ϫ76 mV (close to K ϩ equilibrium potential of Ϫ81 mV). For comparison, the Nernst potentials (bath/pipette) of Cl Ϫ , Ca 2ϩ , and H ϩ (E Cl , E Ca , and E H ) were 99, 217, and 88 mV, respectively. The same channel in an on-cell configuration in Figure 2A had the same apparent reversal potential (V rev ) (Ϫ76 mV), consistent with both of (a) the K ϩ -electrode-like behavior of the whole-cell membrane and (b) the K ϩ selectivity of the channels in the patch (notably, with both conditions fulfilled, the cytosolic concentration of K ϩ becomes irrelevant; Manor and Moran, 1994) . In the conditions of our experiments, channels that "looked like K D channels" in cell-attached patches were always proven to be such channels upon excision into an inside-out configuration (Moran, 1996; N. Moran, unpublished data) . Figure 3 shows the values of V rev determined in a cell-attached configuration at three concentrations of K ϩ (25, 55, and 105 mm) in the bath under the first BL and under the first DK treatment, separately. If K ϩ conductance was the prevalent one in the whole cell membrane, we should be able to predict the slope of V rev as a function of K bath (because the membrane potential of the cell [E M ] would change as a function of K bath ). In both BL and DK (Fig. 3) , the theoretical value of the slope of Ϫ59 mV (dotted line) was only by 1 mV out of the calculated 95% error range of the values of experimental mean slopes (the slopes of the solid lines were Ϫ45 Ϯ 5.4 [se, n ϭ 24] mV and Ϫ33 Ϯ 10 [se, n ϭ 20] mV for BL and DK, respectively). This small difference could be attributed to other channels of minor conductance in the whole-cell membrane. Additionally, if the channel in the patch was the K D channel, we should be able to predict closely also the absolute values of V rev as a function of K bath , not only the slope. Indeed, under BL the predicted V rev agreed generally with the experimental mean V rev (Fig. 3A) . Taken together these results firmly established the identity of the channel as the K ϩ -selective K D channel.
Light Responses of Flexor Cells
As soon as a tight seal was achieved under dim light, the activity of several K D channels was apparent in most flexor cells. Their activity usually diminished as time passed, and after about 10 min, only a few openings remained with current fluctuation levels usually between 0 and 2, indicating the simultaneous activity of up to two channels in the patch. The single-channel conductance in the cell-attached flexor patches was 19.8 Ϯ 0.7 pS under dim light, and it did not change by light treatments; it was 20.2 Ϯ 0.7 pS (n ϭ 13) under BL and 19.4 Ϯ 0.5 pS (n ϭ 13) under DK.
In the example of Figure 1 , under dim light K D channels opened at minus pipette potential corrected ; R is the coefficient of correlation; n, the number of data points; P, probability that R ϭ 0. The dashed lines are the 95% confidence limits of the fit (Microcal Software Inc., Northampton, MA). The values of the fit were: for BL, a ϭ 58.3 Ϯ 5.5 mV; b ϭ Ϫ44.7 Ϯ 5.4; R ϭ Ϫ0.86835; P Ͻ 0.0001; n ϭ 24; for DK, a ϭ 66.4 Ϯ 10 mV; b ϭ Ϫ33.2 Ϯ 10; R ϭ Ϫ0.61649; P ϭ 0.00379; n ϭ 20. The mean values of the experimentally determined V rev were (under BL and DK, respectively): at bath concentration of 5 mM, 28.8 Ϯ 2.2 mV and 44.3 Ϯ 5.1 mV; at 55 mM, Ϫ20.9 Ϯ 4.5 mV and 16.6 Ϯ 8.0 mV; at 105 mM, Ϫ24.3 Ϯ 16.6 mV and Ϫ1.5 Ϯ 20.5 mV.
for liquid-junction potential (V M ) more positive than 106 mV. After 20 s of BL illumination, K D channels opened already at 75 mV and two channels opened simultaneously at 97 mV. K D -channel activity increased further during BL illumination, and three channels opened simultaneously at V M of 131 mV after 5 min of BL. After 7 min of BL illumination, cells were irradiated with red light (RL) for 3 min, followed by DK. The response to BL was reversed under DK. It took longer than 11 min until the activity decreased to the level of initial dim light. Although the time required for a clear response was different from cell to cell, the response time in the BL was usually shorter than that of its reversal in the DK. At the second BL stimulus, K D -channel activity increased again, indicating that the observed light response was indeed caused by the light treatment and was not due to random changes in channel openings.
Another prominent feature of Figure 1 was that BL shifted V rev to more negative values (e.g. by Ϫ15 mV after 5 min in BL), whereas DK did the opposite. The shifts in V rev could be caused either by shifts in E M or by changes in the true reversal potential across the membrane patch (E rev ) (see Eq. 3). Changes in E rev , in turn, could stem from changes in the intracellular concentration of K ϩ and/or from changes in the selectivity of the channels in the patch. However, we consider changes in E rev unlikely, for several reasons. First, the intracellular concentration of K ϩ did not change much during the duration of our experiments, since (a) the single-channel conductance values (which depend on the concentrations of K ϩ in the cell, [N. Moran, unpublished results]) did not change significantly, and (b) had K ϩ efflux occurred in response to BL in flexor protoplasts as reported for flexor cells in intact pulvini (Lowen and Satter, 1989) , it would have caused a positive change in E rev and hence in V rev (see Eq. 3), which is the opposite of what we have observed. Second, (a) a positive shift of E rev would be also caused had BL changed the selectivity of the channels in the patch so that they became more permeable to Ca 2ϩ and/or H ϩ , and/or Cl Ϫ . This is, again, contrary to our observations. Then, (b) the channels in the patch could become more K ϩ selective under BL than under DK. However, in experiments performed in excised patches, under the illumination termed "DIM" in this paper, the K ϩ selectivity of flexor K D channels was already quite high (Fig. 2) . Thus, BL could not increase K ϩ selectivity much more to account for as much as approximately 10 mV observed hyperpolarization (see below). Based on these considerations, we interpret the shifts of V rev in these experiments as indicators of changes in E M .
Light-Induced Shifts of Membrane Potential in Flexor Cells
Using V rev as if it were the membrane potential probe (see Eq. 3), we could follow E M , the membrane potential, under changing illumination. The initial value of the reversal potential, as well as the magnitude of membrane potential shift varied a lot among the cells, but the direction of the change was consistent for the same stimulus. In the dim light, the V rev values ranged from 4 to 88 mV (n ϭ 19; Fig. 4A ). Upon BL illumination, there were cells in which V rev moved to near zero, suggesting that cells were depolarized. Most cells, which depolarized under BL, were re-hyperpolarized upon DK treatment, and these responses were repeated upon the second BL/DK cycle. To emphasize the effects of illumination, we present the V rev shifts (⌬V rev ; see Eq. 3; Fig.  4B ). The mean values of ⌬V rev were, respectively, Ϫ10 Ϯ 5, 16 Ϯ 5, Ϫ9 Ϯ 4, and 23 Ϯ 7 mV (mean Ϯ se, n ϭ 12, 15, 12, and 6, respectively) under sequential BL, DK, BL, and DK treatments (Fig. 4C) . Although these averages include values from cells with unnoticeable voltage shifts, the mean shifts were significantly different from zero (Fig. 4C) .
A major contributor to the membrane potential shift is probably the H ϩ pump. Activation of H ϩ -pump hyperpolarizes, and its inactivation depolarizes the membrane. To determine the extent of the contribution of the H ϩ pump to the voltage response, cells were patch clamped in a bath containing 50 to 200 m dicyclocarbodiimide (DCCD), an H ϩ -pump inhibitor (Surowy and Sussman, 1986) . In DCCDtreated flexor cells, V rev remained at 30 Ϯ 2 mV (n ϭ 5) without changing upon BL/DK treatments. This lack of V rev shift is consistent with an inhibition of the H ϩ pump. Also consistent with this interpretation is the observation that only the cells with large initial values of V rev under dim light (i.e. originally more hyperpolarized than other cells) showed negative V rev shifts under BL (i.e. a depolarization response), and the cells with initial V rev values near 0 mV did not respond to light (Fig. 4D ) possibly because the H ϩ -pump activity in these cells was originally low. The cells with low pump activity may be similar to giant cells of charophytes or Plantago root cells in the K state where the proton pump is inactive and the membrane potential is determined by K ϩ diffusion potential (Bisson and Walker, 1982; Vogelzang and Prins, 1994) . Conversely, the originally more hyper-polarized S. saman flexor cells resemble the cells in the P-state where proton pump is active and thus determines the membrane potential.
Voltage-Independent K D -Channel Regulation by Light
The BL-induced increase of K D -channel activity (Fig. 1) could be due either directly to the BL-induced depolarization of the cell membrane, to a voltageindependent modulation of the K D channel, or to a combination of both. Since K D -channel activation by depolarization is related to the degree of depolarization beyond the prevailing reversal potential rather than to the absolute value of the depolarization (Moran et al., 1987; Blatt, 1988; Blatt and Gradmann, 1997) to test whether light regulates the K D channels in a voltage-independent manner, we rearranged the current traces against a new voltage scale of V M Ϫ V rev , positioning the zero-current point at 0 mV. In fact, this is synonymous with subtracting the effect of the voltage shift from each trace. At a constant distance from the reversal potential, for example, at a 40-mV more depolarized potential, the reversible activation-deactivation responses of K D channels to illumination changes were still clearly apparent (Fig. 5) .
Direct comparison of K D -channel activity among the various current traces was difficult due to the small number of channels observed in a patch. Therefore, we estimated the mean idealized patch conductance through its open K D channels at each membrane potential value by fitting the calculated patch conductance (G avg ) with the Boltzmann equation (see Eq. 5) as described in "Materials and Methods." The increase of the mean net steady-state patch conductance at a depolarization of 40 mV relative to the apparent reversal potential (G @40 ) was then read off the fitted curve at a depolarization of 40 mV relative to the reversal potential (Fig. 6) . At the initial dim light, the G @40 values were different from cell to cell and ranged from 0 to 30 pS (Fig. 7A) . BL increased conductance in most cells, and the magnitude of the response ranged from 4 to 21 pS (Fig. 7B) . A subsequent DK treatment of these cells induced a decrease of G @40 . At the second BL treatment, G @40 values increased again but in a smaller number of cells than The averaged values of the changes in G @40 (⌬G @40 ) at the sequential BL, DK, BL, and DK treatments were, respectively, 12.4 Ϯ 1.8, Ϫ16 Ϯ 2.5, 8.9 Ϯ 2.5, and Ϫ0.5 Ϯ 3.8 pS (mean Ϯ se, Fig. 7C) . The change in G @40 induced by a stimulus (⌬G @40 ) values were averaged over all cells to obtain the mean changes, and they were significantly different from zero at each treatment ( Fig. 7C ) except at the second DK. Since some channels have been reported to show different activities depending on the previous voltage treatment or prepulse (Thuleau et al., 1994) and since in our experiments the true absolute membrane potential values varied from cell to cell, the extent of K D -channel response might be correlated with the cell-membrane potential. To test this possibility (and assuming that cytosolic K ϩ concentration varies little among cells and hence differences among V rev values reflect mainly differences among values of E M ), the ⌬G @40 values obtained at the first BL treatment were plotted against their corresponding V rev values (Fig.  8A) . ⌬DG @40 was not correlated with V rev (R correlation coefficient ϭ Ϫ0.006, P ϭ 0.9853), implying K Dchannel response to light was independent of E M . We tested also the possible correlation between the two types of responses to the first BL treatment, the shifts in the V rev , ⌬V rev (the change in V rev induced by a stimulus), and changes in K D -channel activity, ⌬G @40 ; no correlation was apparent (R ϭ Ϫ0.041, P ϭ 0.8982, Fig. 8B ), suggesting independence of the two responses.
DISCUSSION
Light Regulation of H ؉ -Pump Activity and Membrane Potential in Flexor Cells
Leaflet unfolding depends on the shrinking of flexor cells, which requires K ϩ efflux, which in turn requires depolarization of flexor cells. This correla- tion (between leaflet unfolding and depolarization of flexors) has been confirmed by direct measurements with microelectrode impalements of flexor cells in situ (figure 1 in Racusen and Satter, 1975) . The change in membrane potential in response to BL (Fig.  4) is in the same direction as those measured directly by these authors in response to white light, another leaflet unfolding signal (figure 2 in Racusen and Satter, 1975 ; the depolarization of approximately 12 mV they observed within 20 min of stimulation is well within the 1-sd range of the depolarization we observed with BL of 10 Ϯ 22 mV). Furthermore, our data also match their report on flexor cell hyperpolarization induced by 3-min illumination with RL followed by DK (Racusen and Satter, 1975) . Depolarization/hyperpolarization of the membrane potential induced (respectively) by BL/RLϩDK treatments are likely to be caused by the respective inactivation/ activation of the H ϩ pump, since five of five DCCDtreated cells did not show any shift of the reversal potential in contrast to DCCD-untreated cells in the same illumination regime. The effect of DCCD in our experiments is similar to its effect on the Phaseolus vulgaris pulvinus: There, too, DCCD inhibited the depolarization caused by BL presumably by preinhibiting the H ϩ pump (Nishizaki, 1994) . Our result is also consistent with previous reports that suggested an important role of the H ϩ pump in leaf movement based (a) on light-dependent changes in apoplastic pH in whole pulvini or excised pulvinar tissue (Iglesias and Satter, 1983; Lee, 1990 ) and (b) on sensitivity to the H ϩ -pump inhibitors of the lightdependent membrane potential shifts in pulvinar protoplasts (Kim et al., 1992) .
Light Regulation of K ؉ Channels
Light-regulated K ϩ fluxes have been demonstrated in the S. saman pulvinus (Satter et al., 1974b; Lowen and Satter, 1989) , and light-dependent changes in K ϩ -influx channel activity were shown indirectly in populations of protoplasts using a membrane potential-sensitive dye (Kim et al., 1992 (Kim et al., , 1993 . In this paper we show light-dependent changes in K Dchannel activity at the single-channel level using cellattached patch-clamp technique. Ion channels of plants that have been shown to respond to light at the single-channel level include (a) Cl Ϫ channel in Arabidopsis hypocotyl protoplasts activated by BL through an unknown photoreceptor (Cho and Spalding, 1996) , (b) K ϩ channels in the alga Mougeotia sp. activated by RL through phytochrome (Lew et al., 1992) , and (c) K ϩ -efflux channels in Arabidopsis mesophyll cells activated by white light, possibly via photosynthetically produced ATP (Spalding et al., 1992; Spalding and Goldsmith, 1993) . However, we have not encountered any reports explicitly showing activation of K D channels by BL in any plant system and especially not at a single-channel level.
Even after we subtracted the effects of voltage shift, the light-induced increase of K D -channel activity was evident as an increase in G @40 (Fig. 7) . Based on the definition
where N is the number of channel molecules in the patch, P O is the voltage-dependent probability of opening, and f O is their voltage-independent probability to open; Ilan et al., 1996) , we propose that BL increased N ϫ f O Ϫ what might be termed the K D -channel availability (Ilan et al., 1996) for the following reasons: (a) P O at 40-mV depolarization relative to V rev was likely to be the same in all cells (Moran et al., 1987; Blatt, 1988; Blatt and Gradmann, 1997) , and (b) ␥ K did not vary. Unfortunately, the question of which component, N or f O , changes and contributes to the increase of K D -channel availability cannot be resolved unequivocally even at the single-channel level (unless a patch is examined at saturation voltages for sufficiently and often impractically long periods of time); BL could increase either N, f O , or both. Increase in N can be brought about by the insertion of additional channel molecules into the membrane, for example, by vesicle fusion with the plasma membrane. Increase of f O may be brought about by a modification of channel molecules already existing in the membrane, for example, by covalent modifications such as phosphorylation/dephosphorylation.
The Identity of the BL Receptor That Modulates K D -Channel Activity in Flexor Motor Cells
S. saman leaflets close upon DK and open in response to BL or white light. RL pulse perceived by phytochrome accelerates the dark effect, whereas BL reverses it (Satter, 1979) . Previous experiments following ion flux changes in S. saman motor organs used irradiation protocols of BL or white light, and then RL followed by DK or vice versa to maximize the contrasting effects of the two groups of stimuli (Lee and Satter, 1989; Lowen and Satter, 1989) . In this work, we followed the same irradiation protocol and showed the activation of K D channel by BL and inactivation of the same channel by RL followed by DK. The photoreceptor involved in BL-induced K Dchannel activation cannot be phytochrome, since RL, which also activates phytochrome, reversed the effect of BL. The photoreceptor is not likely to be chlorophyll either, since the fluence rate of BL was too low (25 mol m Ϫ2 s Ϫ1 ) to activate much photosynthesis. In other plant systems, 200 to 500 mol m Ϫ2 s Ϫ1 of RL was used to activate chlorophyll-mediated pathways modulating ion transport (Serrano et al., 1988; Spalding and Goldsmith, 1993 ) and the consequent cell swelling (Schwartz and Zeiger, 1984) . The BL receptor for K D -channel activation in flexor motor cells is probably an unidentified blue-absorbing pigment, which was suggested to be involved in BL-induced leaflet opening (Satter et al., 1988) . In BL-invoked shrinking of Arabidopsis hypocotyl protoplasts, which appears to proceed similarly to the BLinduced shrinking of S. saman flexor cells (Wang and Iino, 1998) , the primary BL photoreceptor appears to be the cryptochrome CRY1 (Lin et al., 1995) . Resolving the nature of the BL receptor in S. saman motor organ awaits further research.
CONCLUSIONS
The responses of the K D channel of flexor to various light treatments are consistent with those of the K ϩ flux from the intact flexor tissue of S. saman (Lowen and Satter, 1989) . In flexor tissue, white light, an opening signal for the leaflets (and for flexor protoplast shrinking; Moran et al., 1996) , elevates apoplastic K ϩ activity which requires the opening of the K D channels, which we observed directly after irradiation with BL, an active component of the white light in leaflet opening. In contrast, RL followed by DK, a closing signal for the leaflets, which reverses the change in apoplastic K ϩ activity (and causes flexor protoplast swelling; Moran et al., 1996) , was also found to reverse the change in K D -channel activity. Therefore, this work provides evidence for the K D channel of flexor as an important exit pathway for K ϩ during leaflet closing. Moreover, using the patchclamp technique in a cell-attached configuration we were able to resolve the voltage-independent increase of K D -channel activity in BL.
MATERIALS AND METHODS
Plant Material
Samanea saman L. (Jacq.) Merr. trees were grown in a greenhouse under 14-h light/10-h dark periods and 24°C Ϯ 4°C/18°C Ϯ 1°C conditions. Leaves were harvested at 1 h after sunrise, and extensor and flexor parts were excised from secondary terminal pulvini. For the experiment in Figure 2 , there were 16-h light/8-h dark periods, the temperature ranges were 35°C Ϯ 5°C/23°C Ϯ 4°C, and the protoplasts were harvested within 3 h after sunrise. Protoplasts were prepared as described previously (Moran, 1996) except that the proteinase inhibitor, phenylmethylsulfonyl fluoride, was omitted from the digestion medium. The isolated protoplasts were kept on ice under constant low-level illumination (approximately 5 mol m Ϫ2 s Ϫ1 ) until use.
Light Treatments
At the onset of each patch-clamp experiment, the room was illuminated with a dim light (Ͻ1 mol m Ϫ2 s Ϫ1 ) and with a green light from cool-white fluorescent lamps wrapped with two layers of green cellophane (#871, Roscoe Labs, Portchester, NY) during the rest of the experiment. The microscope light was filtered through a green-light filter (Ͻ5% transmittance for wavelength Ͻ490 nm or Ͼ610 nm). Light treatments used a fiber optic halogen light source (Nikon, Tokyo) and Plexiglas filters: blue (53% transmittance at peak wavelength of 472 nm, one-half bandwidth of 18 nm) or red (one-half transmission at 631 nm and blocked completely at Ͻ600 nm). A heatabsorbing glass (Ͼ52% absorbance above 700 nm and 100% A 860 ) was inserted into the light path of the light source. About 15 min after giga-seal formation, when the recorded currents appeared stable, the patch-clamped cells were illuminated with 25 mol m Ϫ2 s Ϫ1 BL for up to 7 min, then with 15 mol m Ϫ2 s Ϫ1 RL for 3 min, followed by DK for 10 to 17 min. RL was used to accelerate the responses of the cells to DK (Lee and Satter, 1989; Lowen and Satter, 1989) . The whole BL/DK cycle was repeated twice for most cells.
Patch-Clamp Procedure
The patch-clamp technique has been described by Hamill et al. (1981) and its application to our system by Satter and Moran (1988) and Moran (1996) . Patch-clamp pipettes were pulled from borosilicate glass capillaries (Garner Glass, Claremont, CA) and fire-polished. Their resistance in the experimental solutions was around 50 M⍀. Gentle suction was applied after the patch pipette touched the cell slightly and held until a tight seal was accomplished, which usually took less than 1 min. After tight-seal formation, a hyperpolarizing-holding potential of Ϫ40 mV was applied. Voltage stimulus was applied to the cell in the form of a slow, 40-to 60-s long linear ramp from a hyperpolarizing (usually Ϫ40 mV) to a depolarizing potential (60-120 mV). The voltage-clamp recording of currents and data analyses were carried out using an Axopatch 200A amplifier and pClamp software (Axon Instruments, Foster City, CA). The current was low-pass filtered at a frequency (Ϫ3-dB point) of 20 Hz, digitized at a frequency of 33 to 50 Hz with a TL-1 DMA interface, and stored in the computer for off-line analysis. The liquid-junction potential of Ϫ14 mV was calculated based on the differences between the pipette and the bath solutions (Neher, 1992) and added, at the onset of the analysis, to all values of the command (pipette) potential. In the experiment of Figure 2 , the liquid-junction potential error (absolute value) was Ͻ1 mV.
Determination of Reversal Potential and Single-Channel Conductance
For the ease of comparison with the more frequently encountered whole-cell data, outward currents through the patch membrane are shown as positive (upward) deflections and the applied membrane potential, V M , expresses the potential added at the internal side of the membrane patch relative to the pipette (i.e. it is equal to minus the command (pipette) potential). We define V rev as V M at which the current through an open channel is nulled (Fig.  9 ). E M , the true cell membrane potential, is defined as usual as the difference of potential between the cell interior relative to the bath, and E rev , the true unitary current reversal potential, is defined as the zero-current potential at the patch cytoplasmic side relative to the pipette potential.
Unitary currents were plotted versus the linearly varying V M during the ramp. Single-channel conductance was calculated from the equation (following Hodgkin and Huxley, 1952):
where ␥ K is single K D -channel conductance, and i K is the value of the open single K D -channel current after subtraction of leak (current level in the absence of channel opening). V rev was determined by linearly extrapolating (idealizing) the open single-channel current level to an intersection with the leak current level ( Fig. 1; Moran, 1996) .
K D Channel as a Probe for the Estimation of Membrane-Potential Shifts
While the channels in the membrane patch within the pipette rim experience E M (the actual whole cell membrane potential) in addition to V M (the imposed potential), E M is not recorded directly in the cell-attached configuration since the patch pipette is an extracellular electrode. Nevertheless, shifts in E M can be recorded taking advantage of K D -channel activity by using V rev as if it were a membrane potential probe, according to Equations 2 and 3:
⌬ denotes the shifts in the corresponding values, and E rev is assumed not to vary between treatments (see "Results"). Thus, an increase (depolarization) in V rev signifies a decrease (hyperpolarization) of E M .
Quantification of K D -Channel Activity
We averaged three consecutive current records representing each treatment (during 3-7 min of BL or during 10-15 min of DK), obtaining I K , the mean steady-statechannel current. We then calculated the mean net steadystate conductance of the channels in the patch, G avg , for each V M value using
and fitted the resulting G avg to V M relationship with the Boltzmann equation:
where GЈ avg is the fit value at each V M , G max is the maximum GЈ avg , E 1/2 is the half-maximum-activation voltage, and z is the effective number of gating charges. All of the parameters of Equation 5 were free running during the fit. However, because the values of V rev varied considerably between cells, and in many cells the fit region extended only to 40 mV beyond V rev , the parameters could not be determined unequivocally in every case. Therefore, we chose to compare the effects of treatments on the mean values of channel conductance at a depolarization of 40 mV relative to V rev , G @40 . Thus the only use we made of this fit was to average the strongly fluctuating (due to the small number of channels) conductance values to obtain G @40 , the value of which was read off the fitted curve.
Statistics
The effects of light treatments on V rev and G @40 were compared using Student's t test. Means are presented with their se, and the level of significance of difference between means is marked as follows: *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.005. In correlation tests, P indicates the level of significance of the difference between R (the coefficient of correlation) and zero.
Solutions
Bath solution contained 1 mm CaCl 2 , 5 mm KOH/MES (2-[N-morpholino]ethanesulfonic acid) (pH 6.0) and was adjusted to 780 mosmol with sorbitol. Pipette solution contained bath solution plus 20 mm K-Glu and was adjusted to 780 mosmol with sorbitol. In some experiments, DCCD was introduced into the bath by perfusion, after cells were attached to the bottom of the chamber. DCCD was dissolved in ethanol and diluted to a final concentration of 50 to 200 m. The final concentration of ethanol did not exceed 0.1% (v/v). Cellulase R-10 and pectolyase Y-23 were purchased from Yakult (Tokyo) and Seishin (Tokyo), respectively. Gamborg's B-5 medium was from Gibco-BRL (Grand Island, NY), and all other chemicals were from Sigma (St. Louis). In the experiment of Figure 2 , the solutions were changed in order to observe channel activ- (Moran, 1996) .
